CRR12 was identified as a cytokinin-repressed gene encoding a cucumber homologue for a basic region/helixloop-helix protein. The level of CRR12 mRNA decreased in response to either cytokinins or light in etiolated cotyledons. The level was low in cotyledons and leaves of light-grown plants, but it increased during dark incubation.
Cytokinins are one of the major classes of phytohormones involved in the control of various phases of development of plants. The expression of a number of genes has been reported to be regulated by cytokinins (reviewed by Schmiilling et al. 1997) . However, only limited information is available to suggest which genes are closely related to the primary action of cytokinins. In wheat seedlings, cytokinin increases the level of mRNA for wpk4, which encodes a protein kinase homologue (Sano and Youssefian 1994) . Sakakibara et al. (1998) isolated a maize cDNA clone for ZmCipl, a cytokinin-inducible gene encoding a homologue to a response-regulator of bacterial two-component signalling systems. In Arabidopsis thaliana, CKI1, a gene encoding a homologue to a histidine kinase of the two-component systems, was isolated using activation tagging (Kakimoto 1996) . Overexpression of this gene induced shoot development from callus without exogenous cytokinins, suggesting that the two-component system is involved in cytokinin signal transduction (Kakimoto 1996) .
Transcription factors can function as molecular switches by modulating the transcription of various genes. No transcription factors have been reported to be regulated by cytokinins. The basic region/helix-loop-helix (bHLH) motif is a well-characterized DNA-binding and dimerizaAbbreviation: BA, W*-benzyladenine. The nucleotide sequence reported in this paper has been submitted to the DDBJ/EMBL/GenBank under accession number D89867. tion domain found "in a group of transcription factors (Ferre-D'Amare et al. 1993) . bHLH proteins are distributed ubiquitously in eukaryotes from yeast to mammals (Liischer and Eisenman 1990) and modulate various processes in developmental and physiological actions in cells, including oncogenesis (DePinho et al. 1987 ), determination of cell fate (Murre et al. 1989) , and circadian rhythm (Antoch et al. 1997) .
In this study, we characterized a cucumber cDNA encoding a bHLH protein homologue. It was previously isolated as one of the cDNA clones for cytokinin-repressed genes in cucumber cotyledons, and the corresponding gene was designated CRR12 (Toyama et al. 1995) . A partial nucleotide sequence of the original cDNA clone exhibited no significant homology to any sequences in databases. In this study, we determined the full-length sequence of the cDNA and showed that the deduced protein has a bHLH motif near the C-terminus.
The insert of the original cDNA clone (CRR12) was 1.3 kb, whereas the length of CRR12 mRNA was estimated as 2.5 kb by Northern blot analysis. In order to isolate the full-length cDNA for CRR12, we screened a cDNA library with the labeled CRR12 cDNA, as described previously (Teramoto et al. 1994) . The longest clone isolated (CRR12-9) contained a 2.5-kb insert. The nucleotide sequence of the cDNA was determined with a DNA sequencer (DSQ-1000, Shimadzu, Kyoto, Japan). The 3' part of CRR12-9 was identical to the original CRR12 cDNA. The longest open reading frame deduced from the nucleotide sequence of CRR12-9 encodes a polypeptide of 687 amino acid residues (molecular mass of 75.4 kDa). CRR12-9 seems to cover the entire coding region because there is an in-frame stop codon preceding a predicted start codon.
Database searches revealed that a small region near the C-terminus of the deduced CRR12 protein exhibited a high degree of homology to a bHLH motif, which is a functional domain in various transcription factors. R proteins are well-known bHLH proteins in plants (Ludwig and Wessler 1990) . They determine the timing, distribution, and amount of anthocyanin pigmentation in maize (Ludwig et al. 1989) . In dicotyledonous plants, Antirrhinum DEL and petunia jaf!3, identified as genes encoding R 
455
******************************************* ************************************ *a** * * * CS* *SEL**E*GE*E* * CS * WKT* *E *LQIKN* Fig. 1 Comparison of the amino acid sequences of the deduced CRR12 protein, PGl (Kawagoe and Murai 1996) , and RAP-J (de Pater et al. 1997) . They are aligned with gaps (--) to maximize the extent of homology. Amino acid residues identical to those of the CRR12 protein are indicated by asterisks. A bHLH motif and two other highly-conserved region in the N-and C-termini are shown by boxes.
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protein homologues, are involved in the regulation of anthocyanin synthesis (Goodrich et al. 1992 , Quattrocchio et al. 1998 ). However, the deduced amino acid sequence for CRR12 did not much resemble those of R proteins except for the bHLH region. The entire amino acid sequence deduced from CRR12 was about 20% identical to those of the maize R gene family, Lc, B-Peru, and RS (Ludwig et al. 1989 , Radicella et al. 1991 , Perrot and Cone 1989 . The CRR12 protein also exhibits 24.2% and 24.7% identities to Antirrhinum DEL and petunia JAF13. It exhibits higher homology to bean PG1 (Kawagoe and Murai 1996) and Arabidopsis RAP-1 (de Pater et al. 1997) , which have been identified as G-box-binding proteins. Figure 1 shows the alignment of their amino acid sequences. The entire amino acid sequence of the CRR12 protein exhibits 59.7% and 54.2% identities to those of PG1 and RAP-1, respectively. Across the bHLH region, the CRR12 protein exhibits 100% and 98.0% amino acid identities to PG1 and RAP-1, respectively. In addition, the N-terminus and the C-terminus are highly conserved among these three proteins. Therefore, the CRR12 protein probably belongs to a novel family of bHLH proteins and may have distinct functions which differ from the regulation of anthocyanin synthesis.
Our previous study demonstrated that the level of CRR12 mRNA markedly decreased 4-8 h after application of 10~5 M BA to the etiolated cotyledons excised from cucumber seedlings (Toyama et al. 1995) . In order to examine the cytokinin specificity of this decrease, effects of various compounds on the level were tested by Northern blot analysis in a similar way ( Fig.2A) . Seeds of cucumber (Cucumis sativus L. cv. Aonagajibai) were soaked in water for 2 h and sown on moist vermiculite. Seedlings were germinated for 5 d at 26°C in darkness. Etiolated cotyledons were excised from the seedlings and incubated for 18 h on filter paper wetted with water prior to application of BA, adenine, kinetin, 2,4-D, or ABA at 26°C in darkness as described previously (Toyama et al. 1995) . All compounds were tested at a concentration of 10~5 M, and these treatments were performed for 8 h in darkness. Kinetin reduced the level of CRR12 mRNA. By contrast, adenine, which has no cytokinin activity, 2,4-D, an auxin, and ABA had little effect on the level.
Cytokinins have been suggested to play an important role in light-regulation of growth and development in plants. Cotyledons of various plant species have been used to examine the effects of light and cytokinins. For example, exogenously applied cytokinins stimulate the greening of etiolated cotyledons of cucumber (Fletcher et al. 1973 ) and squash (Uheda and Kuraishi 1977) . In addition, this hormone affects the expression of photosynthesis-related genes encoding the light-harvesting chlorophyll o/6-protein, the small subunit of ribulose-l,5-bisphosphate carboxylase/ oxygenase and other chloroplast proteins in various plant materials such as tobacco cell cultures (Teyssendier de la All compounds tested were used at a concentration of 10" 5 M. Thirty micrograms of total RNA extracted from each sample were analyzed by Northern blotting with a 32 P-labeled fragment of CRR12 or NC2 cDNA. NC2 cDNA corresponds to an mRNA whose level is unchanged by treatment with BA (Toyama et al. 1995) . (B) Excised cotyledons were exposed to continuous white light (Light) or kept in darkness (Dark) for indicated periods after 18 h of preincubation in darkness. Serve et al. 1985) , Lemna gibba (Flores and Tobin 1986) , cucumber cotyledons (Ohya and Suzuki 1991, Toyama et al. 1996) , and lupine cotyledons (Kusnetsov et al. 1994) .
In this study, we investigated the changes in the level of CRR12 mRNA when the etiolated cotyledons were exposed to light instead of BA. For light treatment, the excised cotyledons were transferred to white light (50-100 molm~2s~') after 18 h of preincubation with water in darkness. Figure 2B shows the time course of changes in the level of CRR12 mRNA after the etiolated cotyledons were transferred to white light. The level gradually decreased to a low level by 24 h. Because illumination was as effective as BA in reducing the level of CRR12 mRNA, the CRR12 protein might be involved in the changes in gene expression regulated by light/cytokinins. Further study is necessary to test this hypothesis.
The membranes used for the above Northern blot analysis were rehybridized with a cDNA designated NC2 (negative control 2) as the control probe. NC2 cDNA was isolated as a clone that corresponded to a transcript whose level did not change upon treatment of etiolated cotyledons with BA (Toyama et al. 1995) . The level of the NC2 transcript did not significantly change during treatment with either light or the compounds (Fig. 2A, B) . The nucleotide sequence of the NC2 cDNA exhibited no significant homology to any sequences in databases.
In order to further study the light-responsiveness of CRR12, we investigated changes in the level of CRR12 mRNA after the light-grown plants were transferred to darkness in two ways. Cucumber seedlings were germinated for 7 d at 26°C under continuous white light. The seedlings were transferred to a dark room and incubated for indicated periods at 26°C (Fig. 3A, Attached) . Alternatively, cotyledons were excised from light-grown seedlings and then incubated on filter paper wetted with water for indicated periods at 26°C in darkness (Fig. 3A, Detached) . As control experiments, they were incubated in the light throughout. Figure 3A shows the changes in the level of CRR12 mRNA in cotyledons during 3 d of dark treatment. The level was low in cotyledons attached to light-grown seedlings, but it markedly increased at 1 d after the seedlings were transferred to darkness. It remained high until 3 d of dark treatment. The level of CRR12 mRNA increased when the cotyledons were excised and incubated for 3 d in the light. It may be due to depletion of endogenous cytokinins. However, the mRNA levels were higher in excised cotyledons incubated in darkness than in those incubated in the light. Naturally senescent cotyledons that turned yellow were harvested from 2-month-old plants grown in the light. The level of CRR12 mRNA was low in these senescent cotyledons.
Changes in the level of CRR12 mRNA in mature leaves were also investigated. Two-month-old plants, which had been grown at 26°C under continuous white light, were transferred to darkness. Figure 3B shows the time course of changes in the level of CRR12 mRNA in leaves within 24 h after the transfer to darkness. The level began to increase 4 h after the transfer and reached about four times of the initial level during 24 h of dark incubation.
It is noteworthy that dark incubation can artificially induce senescence (Oh et al. 1996) . The levels of mRNAs for various dark-inducible genes encoding cytosolic glutamine synthetase in radish (Kawakami and Watanabe 1988) , asparagine synthetase in Arabidopsis (Lam et al. 1994 ) and isocitrate lyase in cucumber (Reynolds and Smith 1995) increase with age-related senescence. However, the cotyle- dons in this study showed no signs of senescence after 3 d of dark incubation, and the level of CRR12 mRNA was low in naturally senescent cotyledons (Fig. 3A) . It was also low in mature leaves of 2-month-old plants but began to increase several hours after the plants were transferred to darkness (Fig. 3B) . These results suggest that the amount of CRR12 mRNA is regulated mainly by presence and absence of light irrespective of the age of organs.
Because the cucumber CRR12 protein exhibits significant amino acid identity to bean PG1 and Arabidopsis RAP-1 throughout the coding region, they may play similar physiological roles. However, their physiological functions remain to be elucidated. Although PG1 was identified as a protein binding to the promoter region of a seed storage protein gene, the expression was not seed-specific. The levels of PG1 mRNA in bean and RAP-1 mRNA in Arabidopsis were higher in roots than in leaves. We also observed that the level of CRR12 mRNA was higher in roots than in hypocotyls and cotyledons of cucumber seedlings (data not shown). Recently, Abe et al. (1997) identified Arabidopsis rd22BPl as encoding a protein that binds to the promoter region of a dehydration-responsive gene, rd22. The rd22BPl cDNA exhibits 99.6% identity to the RAP-1 cDNA at the nucleotide sequence level. A transient transactivation experiment using Arabidopsis leaf protoplasts demonstrated that the rd22BPl protein activated transcription of the rd22 promoter fused to a reporter gene, and RNA gel blot analysis revealed that transcription of rd22BPl was induced by dehydration stress and ABA treatment (Abe et al. 1997) . Database searches revealed that there are other bHLH proteins in Arabidopsis and bean. These bHLH protein family members in each plant may have distinct expression patterns and play different roles. However, Southern blot analysis of cucumber genomic DNA showed that only one gene in the genome strongly hybridized with the CRR12 cDNA probe (data not shown). Although we isolated 31 cDNA clones and three genomic clones by screening with the CRR12 cDNA probe, they were derived from the same gene. These results suggest that the Northern blot analysis in this study specifically exhibited the changes in the level of CRR12 mRNA. We detected the CRR12 transcript in various organs of cucumber plants and showed that the level increased with dark treatment and decreased with treatment with light and cytokinins. These results suggest that this type of bHLH protein may play a universal role in lightand cytokinin-reguiated reactions.
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